processes (Touraine et al., 1994) , a high N requirement during late winter and early spring has been observed For some species, mathematical models have been developed to for annual ryegrass (Salette et al., 1984) . However, since excessive or toxic, can be found in plants (Lawlor, 1991) . vegetative growth cycle. Following defoliation, in early stages of regrowth, a high N supply is required to support leaf area development and photosynthesis. There-
vegetative growth cycle. Following defoliation, in early stages of regrowth, a high N supply is required to support leaf area development and photosynthesis. There-T he maintenance of growth of good quality forage after, when the proportion of the low-N structural comduring winter is needed in temperate Argentinean ponents in the forage increases (i.e., cell walls) (Caloin grazing systems. Since low temperatures restrain growth and Yu, 1984) , N requirement per unit of incremental of temperate forage grasses (Pollock et al., 1993) , annual DM decreases (Greenwood et al., 1990) . ryegrass, which is adapted to grow under low temperaTissue N dilution during crop growth has been distures (Eagles et al., 1993) , is commonly used as a winter cussed by several authors (Lemaire and Salette, 1984 ; forage crop. Although the growth response of forage Caloin and Yu, 1984; Greenwood et al., 1991 ; Justes et grasses to low temperature is genetically regulated, it al., 1994) , and different mathematical models have been can be modified by other environmental factors such as applied to describe it. Initially, Lemaire and Salette nutrient availability (Collins et al., 1990; Chapman and (1984) established the concept of the reference NDC. Lemaire, 1993) .
This curve describes the decline in the optimum N conIn spring, rates of DM accumulation are greater than centration (N opt ) as forage DM accumulates in temperin autumn or winter. This change in productivity coinate pastures according to the following equation: cides with the transition from vegetative to reproductive development and is associated with changes in several N opt ϭ 48DM Ϫ0.32
[1] major physiological processes that alter the response where N opt is the total N concentration in forage that of the grass crop to its environment (Parsons, 1988) .
produced the maximum amount of biomass, expressed Because N uptake and plant growth are interdependent as g N kg Ϫ1 forage DM; forage DM yield is expressed in t ha Ϫ1 ; 48 is a coefficient that represents the forage N opt at 1 t DM ha in annual ryegrass is important to determine crop N to N250, respectively).
requirements and to define N fertilization strategies that
Forage yield was calculated for six successive dates (Tables   reduce N losses and, consequently, the risks of environ-2 and 3) by harvesting independent plots of 5.5 m 2 (2.5-cm mental contamination.
cutting height) using a mower. A subsample of forage from Our objectives were (i) to obtain a critical NDC for each plot at each harvest was oven-dried at 60ЊC and ground.
annual ryegrass winter-spring growth in the Humid The experimental design was a split plot, with three randomand it was partitioned into its components: NUpE and NCE.
ized blocks in both years. Harvest dates were main plots, and The first was estimated as: N treatments were subplots. Critical NDC was obtained using response to applied N were selected according to the highest coefficients of determination. To obtain the critical NDC, the procedure proposed by Justes et al. (1994) was performed. For this purpose, data of forage DM production under the different N levels were
RESULTS AND DISCUSSION
analyzed by ANOVA, and means were separated using Duncan's test. Then, minimum accumulated DM values not signifi- (Tables 2 and 3 ). Similar responses were observed during winter-spring growth of oat (Avena sativa L.) (Marino et al., 1995) , wheatgrass (Thinopyrum ponticum Podp.) (Ferná ndez Grecco et al., 1996) , winter forage crops (Mazzanti et al., 1997) , and tall fescue (Festuca arundinacea Schreb.) (Lattanzi, 1998) in Balcarce.
Since differences in forage yield between years and the interaction of year ϫ N rate were not significant, the overall response of total DM forage yield reached at the end of the experimental period to N applied in both years was found to be as shown in Fig. 2 . Forage yield for the control treatment (N0) represented 37 and 34% of N250 treatment in 1994 and 1995, respectively.
Increases in the level of N fertilization increased forage N accumulation in both years (Fig. 3) . During the first part of the growth periods, fertilized treatments showed an increase in N accumulation and reached the maximum values at the last harvest in 1994 (Fig. 3a) . harvest and decreased thereafter (Fig. 3b) . This re-the experimental period, the lowest N concentration was observed in N0 (16.7 g kg Ϫ1 in 1994 and 12.5 g kg Ϫ1 in 1995) and the highest in N250 (37.9 and 33.9 g kg Ϫ1 in 1994 and 1995, respectively). These values are in agreement with previous results for forage grasses (Wilkins and Lovatt, 1989). As expected, forage N concentration decreased with time (Lemaire and Salette, 1984; Greenwood et al., 1990) in both experiments as shown in Fig. 4 . Since nonsignificant differences were found among the critical NDC fitted for each data set considered (1994 and 1995) , both data sets were pooled, and the following critical NDC was obtained (Fig. 4) : illustrate this variation, two curves using maximum (N max ) and minimum (N min ) N concentration values in sponse has been observed previously (Imsande and forage were fitted (Fig. 4) . Nitrogen fertilization increased forage N concentraThe reference NDC adequately described the evolution in both years ( Fig. 2 and 4) . Thus, on average for tion of N concentration of the highest forage yields, which were obtained at the highest N rates, independently of soil and weather conditions (Fig. 4) . These data are in agreement with previous papers (Lemaire and Salette, 1984; Bé langer et al., 1992; Bé langer and Richards, 1997; Lemaire and Meynard, 1997) . Interestingly, N cr values were consistently lower (on average around 20% throughout the growth period) than those calculated by the reference NDC (Fig. 4) or those calculated by Greenwood et al. (1990) for C 3 plants (N concentration ϭ 56.97DM Ϫ0.5 ) and by Justes et al. (1994) for wheat (Triticum aestivum L.) (N concentration ϭ 53.5DM
Ϫ0.442
). Similarly, Colnenne et al. (1998) , estimated from the N cr regression.
using Justes et al.'s procedure in oilseed rape, found shown that while forage N concentration increased in response to higher rates of applied N, nonsignificant differences between the critical NDC and previous models.
The observed discrepancies among NDCs above differences in forage yields were observed beyond N100.
Nitrogen nutrition values (Fig. 5 ) remained close to 1 might be caused by differences among species, experimental periods, cutting height, and/or statistical methfor N100 during 1994 and for N150 during 1995. In both years, N200 and N250 presented values of NNI higher ods applied to distinguish limiting from nonlimiting N fertilization levels to obtain the critical NDCs. Genothan 1.2, indicating a supra-optimal N nutrition level. In situations where soil N supply varies during growth, typic differences in N concentration could be explained by differences in leaf weight ratio (i.e., leaf DM/forage as occurred in this experiment, estimations of NNI could be done at each harvest date for each N fertilization DM) (Colnenne et al., 1998; Bré gard et al., 2000) since stems have lower N concentration than leaves because treatment. The relationship between values of NNI Ͻ 1 (plants growing under suboptimal N levels) and the of their higher proportion of structural tissues.
corresponding relative DM accumulation is shown in Fig. 6 . The regression line obtained was not significantly
Nitrogen Nutrition Index
different from the y ϭ x line, demonstrating a close Crop N nutrition status is considered adequate when positive relation between variables and the ability of NNI is 1, limiting when it is lower than 1, and in excess NNI to represent the N deficiency level. when it is higher than 1. The excess of N can be stored In summary, to be able to use NNIs as a tool to correct as pools of different chemical forms comprising simple annual ryegrass N deficiencies in the region, the validity inorganic (nitrate) and complex organic compounds in of the critical NDC and NNIs shown in the present plant tissues (Millard, 1988; Heilmeier and Monson, paper should be tested in further experiments. 1994; Bré gard et al., 2000) .
In coincidence with previous findings for several spe-
Nitrogen Utilization in Annual Ryegrass
cies (Lemaire et al., 1996; Colnenne et al., 1998) , the Apparent NUE was not different between years and, NNIs calculated for annual ryegrass showed relatively as expected, decreased with increasing N fertilization low variation within N treatments through the growth rates (44.20 and 52.21 kg DM kg Ϫ1 N applied for N50 period and showed higher values at higher N fertilizaand 17.61 and 15.02 kg DM kg Ϫ1 N applied for N250, tion levels (Fig. 5) . For example, NNIs were lower than in 1994 and 1995, respectively). The figures calculated 0.5 for N0 and N50, close to 1 at N100 and N150, and were similar to those reported previously for several were higher than 1.5 at N200 and N250. By definition, temperate forage grasses receiving high N fertilization the crop maximum growth rate is achieved when NNI levels (Whitehead, 1995) . values are greater than or equal to 1 (Lemaire and The response to N applied (kg N accumulated kg Ϫ1 Gastal, 1997). This is illustrated in Fig. 2 where it is N applied, calculated as the slope of the relation among N accumulated and N applied) was significantly higher in 1994 than in 1995: Higher values of NCE were found in 1995 than in 1994 (Fig. 7b) . This means that a higher amount of forage per unit of N uptake was produced in 1995. The amount of N uptake required to produce the maximum forage accumulation was estimated as 186 and 106 kg N ha Ϫ1 for 1994 and 1995, respectively. According to the previous discussion, the lower NCE during 1994 in relation to 1995 reflects a luxury consumption. In other words, in 1994, plants acquired N in excess for its current growth. have shown the ability of two Lolium genotypes to sustain DM production and growth during periods of N shortage from the utilization of amino acids, arising from protein turnover in old tissues as well as from stored NO Ϫ 3 . Consequently, the decline in N concentration in forage DM determined that the efficiency of N utilization was significantly increased.
The N cr values obtained from the critical NDC for annual ryegrass winter-spring growth, estimated under a unique N application at the beginning of the regrowth period, were on average 20% lower than those obtained from the reference NDC. These results indicate that specific critical NDC, and hence the corresponding NNI, must be obtained for the different agronomical situations in which they are meant to be applied.
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